During the past decade, linkage analysis has been successfully applied to localise the genes responsible for many different inherited diseases. ' The availability of a large series of highly polymorphic markers throughout the genome has considerably facilitated linkage mapping. For a number of diseases, however, linkage results have been reported that have not been confirmed by further studies, as was initially the case for Charcot-Marie-Tooth disease, and is still the case for a number of psychiatric disorders including schizophrenia and manic depression. 23 Locus heterogeneity has been suggested as a possible explanation for such differing results. While it is commonly recognised that locus heterogeneity may complicate linkage studies, it has not precluded the accurate localisation of major genes for polycystic kidney disease and, eventually, Charcot-Marie-Tooth disease. For mapping under locus heterogeneity, it is necessary to identify the subset of families that show linkage to a given chromosomal region. For large families that can generate significant evidence for linkage when studied individually this can be done directly. When the average family size is small, however, this distinction cannot be made in a straightforward manner, and it is intuitively clear that a large number of families will be required for detection of one or several of the responsible genes. This has been confirmed in theoretical studies using computer simulation and analytical methods.45
Various statistical methods have become available to make optimal use of the linkage information in a series of (relatively) small families. The most commonly applied test is the admixture test,67 which involves simultaneous estimation of the location(s) of the responsible genes and of the proportion of families segregating for each of these genes. This method has been instrumental in detecting several loci causing retinitis pigmentosa on the X chromosome. 8 For tuberous sclerosis, a neurocutaneous disorder characterised by widespread hamartosis, linkage studies have yielded conflicting results. While some studies provided evidence for a locus close to the ABO blood group gene on chromosome 9,910 other studies could not confirm this linkage, and indicated chromosomes 11 and 12 as possible alternative locations." 12 Considerable efforts have been made to combine linkage data from the groups participating in the TSC consortium and to analyse the data with a variety of statistical methods. Unfortunately, these studies have not entirely resolved the controversy, although consistent evidence has emerged for a TSC1 gene on the long arm of chromosome 9 and for the existence of locus heterogeneity. For the simultaneous evaluation of the different chromosomal regions that may be involved in TSC, we have developed an extension of the admixture approach,6716 which we have previously called the imaginary chromosome (IC) approach. In a single analysis, this method will evaluate linkage results for all relevant chromosomal regions. For a given family, this allows simultaneous evaluation of positive evidence for one of the regions and negative linkage information for the other regions. While this approach has the advantage of making maximal use of all available information, it shares with some other statistical methods the disadvantage of not being transparent. Thus, it is not immediately apparent 8Janssen, Sandkuijl, Sampson, Halley how much evidence a given data set can potentially yield in an analysis of linkage and heterogeneity which includes several chromosomal regions simultaneously. Also, it is not entirely clear what level of evidence is to be regarded as 'significant', the criterion that researchers are most interested in. Ott' suggested that the likelihood ratio favouring linkage or heterogeneity should always be reported, leaving the decision about whether a certain likelihood ratio is to be regarded as significant to the individual researchers. Indeed, uniform guidelines are hard to define, as the statistical behaviour of combined tests of linkage and heterogeneity in multipoint linkage analysis has not been adequately investigated.
Recently, we have analysed the collaborative TSC data set, after rigorous checking for data errors, and after reassessment of diagnoses following uniform criteria. The results, presented in an accompanying paper," indicate existence of a major locus (TSC1) on chromosome 9 and at least one other locus elsewhere in the genome. Chromosome 12 might harbour another TSC gene of minor importance. To help interpret these results, we carried out extensive computer simulations, using both the conventional admixture test and its multilocus extension. In the current study we will address the following questions. How much linkage information is potentially present in the combined TSC families, and how is that information distributed over the families? Is there any difference in effective size between the families that show linkage to the chromosome 9 markers and those that yield negative lod scores? How much evidence for linkage and heterogeneity may one In our simulation studies of linkage and heterogeneity, three separate steps can be distinguished.
(1) Preparation of hypothetical marker data for all persons for whom DNA samples were available. These marker data were generated using the computer program SLINK,23 which takes the disease status of all family members into account. Penetrance and gene frequency were as used in the collaborative linkage study." We assumed that a hypothetical marker was located at 5% recombination from each of the TSC genes. For each family, 100 distinct replicates were made, each with new hypothetical marker data. Three levels of informativeness were simulated: eight alleles (PIC value 0 86), four alleles (PIC value 0 7), and two alleles (PIC value 0375). In a separate series of simulations, we generated data for markers with similar informativeness, but unlinked to any of the TSC genes.
From the simulated data for each individual family, simulated versions of the entire data set were created by selecting for each family a linked or unlinked replicate with probabilities a and 1-a respectively (where a denotes the assumed proportion of families linked to a particular region).
(2) The lod score calculations, by regular analysis of linkage using the generated marker data. Lod scores were calculated for each replicate, varying the recombination frequency from 0-0 to 0 5 in steps of 0 01. Lod score calculations on these replicates were performed batchwise, using the MLINK option of the LINKAGE package (version 5 
Results

POWER OF TSC FAMILIES TO DETECT LINKAGE UNDER HOMOGENEITY
We estimated the power to detect linkage under homogeneity by simulating markers with low and high informativeness. We specified a recombination frequency of 5% for the following reasons. (1) The chromosome 9 markers most closely linked to the TSC1 locus show approximately 5% recombination,17 and (2) in a random genome search it is frequently attempted to test markers that divide the genome into 10 cM intervals, which implies a frequency of recombination between the disease gene and the closest marker of at most 5%.
By simulating a two allele marker we learned what values of the lod score (Zmax) might be expected if only regular RFLPs (PIC 0 37) were used for linkage mapping. Over 100 distinct simulations of the entire data set, the two allele marker gave a mean overall lod score of 16 8. The highest lod score value was 24-8, while Zmax exceeded 10 5 in 95% of all replicates.
Simulations on an eight allele marker gave us insight into the lod scores that could be obtained with dinucleotide repeats and other highly informative markers. A similar amount of informativeness can be expected from a map of two, four, and five allele markers in a multipoint analysis as performed on the actual data of the TSC collaborative group. '7 The highest lod score obtained with the eight allele marker was 56 7, the mean Zmax was 41-8, and at least 95% of all replicates showed a Zmax of 33-6 or higher.
Rather than comparing individual families by their mean lod scores, we decided to describe the families in terms of their 'effective number of informative meioses' (EFNIM). The EFNIM of a family represents the number of informative meioses one may expect to score on average in that family for a marker system with given informativeness. The Z(0= 0-05) values and EFNIM values for all families are presented in the table (A and B) .
EFNIM values for the chromosome 9 linked group of TSC1 families were compared with those obtained for non-chromosome 9 linked families. Assignment of families to either of these two groups was made according to the posterior probabilities for linkage to chromosome 9 as determined in the accompanying study'7 using real linkage data for chromosome 9 markers. The distribution of the families over 11 EFNIM categories of increasing informativeness is shown in fig 1. There are no marked differences in size (as summarised by EFNIM) between the two groups of TSC families. Another obvious finding is the paucity of large families in both groups. Most families are in the 0-1 EFNIM category. This is illustrated by the mean EFNIM values for both family groups: 1-41 for the chromosome 9 linked families and 1-46 for the non-chromosome 9 linked group.
EXCLUSION POWER OF TSC FAMILIES
In general, exclusion studies are only valid when the mode of inheritance is specified correctly in the analysis. In a real exclusion study for TSC one would therefore have to take into account the locus heterogeneity. In our simulation study we evaluated the power of the families for an uncomplicated exclusion study (that is, under linkage homogeneity), with the sole purpose of comparing the families. As expected, families that contained much information for linkage detection also contributed most information for exclusion (table A and B) . Together, the TSC1 families had the power to exclude linkage over large genetic distances. When an eight allele marker was examined, 95% of the replicates excluded 31 cM or more on either side of the marker. With a two allele marker the exclusion distance decreased to 12cM.
The non-chromosome 9 linked families were able to exclude similar areas: at least 29 cM for an eight allele marker and at least 11 cM for a two allele marker in 95% of the replicates.
POWER OF TSC FAMILIES TO DETECT HETEROGENEITY
We tested the performance of the families in heterogeneity analyses. We analysed HOMOG input files (containing lod scores from linked and unlinked families) and HOMOG2 input files (containing lod scores from two regions, with each family linked to only one of these). Thus we tried to answer two questions. (1) What is the power of this data set for detection of heterogeneity? (2) What is gained by including information from the alternative region in a two locus heterogeneity analysis?
The interpretation of results of linkage analysis in terms of statistical significance is not always simple. Under homogeneity a lod score of 3-0 or more is accepted as 'significant' evidence for linkage. A lod score of 3-0 corresponds to an odds ratio of 1000:1. This high threshold has a statistical basis (p < 0 05 is usually regarded as significant evidence): when two loci are selected at random the chances that they will show linkage are small. It has been estimated that the prior probability of two loci showing true linkage is only 1 in 50. If the theoretical odds ratio of 1000:1 is corrected for the low (1 in 50) prior expectation of finding linkage, the resulting frequency of false positive linkages will be 0-05.
Results of simulation studies presented as lod scores, EFNIM values, and percentages of all replicates. B = Boston, C= Cardiff, L = London, I = Irvine, R = Rotterdam, E= Erlangen, D = Durham, H= Houston. Z(max) = lod score maximised over 0, Z(9 = 5%) = lod score at a recombination fraction of 0.05, EFNIM = effective number of informative meioses (see text).
(A) The power of the chromosome 9 linked (TSCl) families 8 We tested these hypotheses in heterogeneity analyses using simulated data sets containing a certain proportion of linked families (as of 10%, 30%, 50%, 70%, and 90%). These analyses made use of data for a four allele marker system, since this closely resembles the combined informativeness of true marker maps in the collaborative data (when expected and observed lod scores were compared). Each series consisted of 100 replicas and therefore involved 100 runs of the HOMOG program.
By combining the simulated data for a linked and an unlinked marker into an imaginary chromosome, we also created a typical HOMOG2 problem, with two loci to be mapped within the tested area. These results indicate that the family material is highly suitable for any type of linkage or heterogeneity analysis (fig 2) . When at least 50% of the families were assumed to be linked, it was even possible to detect linkage under the (false) assumption of locus homogeneity in 94/ 100 attempts. For most a values the imaginary chromosome approach was more powerful than conventional HOMOG analysis.
We also studied the precision of the estimates obtained for the recombination fraction and the proportion of linked families. (H2(l mapped) ) perform better than the imaginary chromosome approach. Since a high a implies that a small number of families are assigned to the alternative locus, we may presume that the power of these families is insufficient to meet the required lod score difference of 3-0 between H2(2 mapped) and H2(lmapped)3 as defined above.
Although we found the HOMOG analyses on our data to be quite satisfactory, we disagree with the thresholds normally accepted for significance levels. with PIC=0*375 (two alleles with equal frequencies) should yield an EFNIM of 0-84. When calculated from the mean lod score for the marker with two alleles the actual EFNIM is indeed 0-84.
For family 1013, however, the predicted EFNIM for the two allele marker is 3-14, while the observed EFNIM is 2-74. In this large family, analysis with a marker with eight alleles allows reconstruction of missing genotypes which is frequently not possible using a two allele system. 
